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Abstract----Computer modelling mdng classical molecular mechanics i used to simulate the nucle- 
ation of two mia'odrolm of water. The process is a function of the relative velocities and separation 
distances of the drops. For relatively close drops, m~llating oblateness, elliptical and dumbbell modes 
are exhibited. For more widely separated drops, nucleation can proceed in stages which conskt of 
relatively slow motion towards each other while maintaining sphericity, transition to oblateeae~, the 
development ofarms, and a final cohesion with a Ices of mass. Three-dlmenalonal supercompnter 
~u la t i~  are described and disctmed. 
1. INTRODUCTION 
Fluid microdrop interactions are important in nucleation studies of developing raindrops (see, 
e.g., [1-6] and the additional references contained therein). In this paper we will develop a 
simple molecular model for studying the following prototype problem. In a vacuum, two identical 
microdrops of water are at the same height above ground. Describe the process of nucleation as 
a function of their distance of separation and of their relative velocities. 
The general mathematical nd computational considerations are summarized as follows. For 
N given water molecules P1, P2, ... PN, which interact in accordance with classical molecular 
mechanics, the motion of each Pi can be approximated [7] from given initial data, by solving the 
system of second order, nonlinear, ordinary differential equations: 
d2 ~ N / 16.5 158.6'~ ~j__~i 
= E + , . - -y / , . , , .  
, /#i 
j--1 
i=  1, 2, . . . .  N, (1.1) 
in which ~ is the position vector ofP i ,  ~i is the vector from Pj to Pi and r 0 is the length o f~ i .  
Throughout, the unit of length is the angstrom and T = 105'5t secs, Tk -" bAT, k = 0, 1, 2, . . . .  
In three dimensions, with N = 4102, which is the number of molecules to be considered, the 
system (1.1) consists of 12306 second order, nonlinear, ordinary differential equations in the 
position coordinates z, y, z. The numerical solution [7] of this system will be generated on a 
CRAY X-MP/24 supercomputer. 
2. S INGLE DROP GENERATION 
In order to study the modes of two colliding water drops, it is convenient first to generate 
a single water drop, which is done as follows. In the space cube -31.0 <_. z _< 31.0, -31.0 <_ 
y < 31.0, -31.0 < z < 31.0, molecules are placed at the grid points generated by the choices 
Az  -- Ay -- Az = 3.1. The grid size 3.1 .~ is the one which makes the term within the parentheses 
of (1.1) equal to zero for r - 3.1. Next, the molecules outside the sphere z2 + y2 + z 2 _ 262 are 
deleted and each of the remaining molecules i  assigned a random velocity in the range Iv l < 0.02. 
Computations performed at the University of Texas Center for High Performance Computing. 
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At initial time there are 2517 molecules, which are thereafter allowed to interact in accordance 
with (1.1) for 31000 time steps. The numerical time step chosen is AT  = 0.0002. At Ts,00o, all 
molecules whose position coordinates satisfy r > 26 are deleted, reducing the number to 2051. 
The simulation is then continued to Tss000, but with all velocities damped by a reset to zero at 
T40s00, T4s000, Tss000, Tss000, Tssooo, T6s000 and Tv3000. At T7s000, the velocities are damped by 
the factor 0.5. The damping process o imposed cools the molecular configuration so that, at 
Tss000, the temperature [8] of the resulting drop is 45°C and its radius is 10.9 J[. The projection 
of this drop in the XY-plane is shown in Figure 1. 
Figure 1. Single drop configuration. 
3. LOCAL INTERACTION MODES 
In order to study collision modes, the single drop generated in Section 2 is duplicated by mirror 
imaging. The mass center of the first drop is set at (-12.406 ~, 0, 0), while the mass center of 
the second drop is set at (12.406/~, 0, 0). The resulting two drops are symmetrically 3 ~ apart 
about he YZ-plane. Their projections in the XY-plane are shown in Figure 2. To avoid complete 
symmetry, the velocity of any molecule and that of its mirror image molecule, are taken to be 
the same. Further, relatively arbitrary initial velocity modifications will be prescribed in such a 
manner that the graphics of the particle projections in the XY-plane will suffice completely to 
describe collision modes. In addition, the time counter is reset o zero. 
Figure 2. Double drop configuration. 
To simulate collision, we will assume that each molecule of the drop on the left in Figure 2 has 
its velocity increased initially by ~,  while each molecule of the drop on the right has its velocity 
decreased by ~'. The numerical time step continues to be AT = 0.0002. 
As a first case, let ~" - (0, 0, 0), so that the two drops are allowed to interact with no changes 
in velocity. Then, Figure 3 shows, at the indicated times, an oblate spheroid oscillation mode. 
After an extended period of time, the large boundary gradients due to surface tension trans- 
form this mode into a relatively spherical drop, which exhibits mall oscillations throughout i s 
surface. Indeed, in this example and in all cohesive interactions to be described, the so-called os- 
cillation modes are, in reality, dynamical configurations which, in time, transform into a spherical 
configuration. 
Next, set ~' = (2.2, 0.2, 0.0). Figure 4 then shows at the indicated times, the development of
an elliptic mode and its transition to sphericity. Setting ~* = (-2.0, 4.5, 0) yields, as shown in 
Figure 5, a dumbbell mode. 
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(a) T95oo. (b) Tlssoo. 
(c) T2TSOO- (d) Tsesoo. 
Figture 3. Oscillating oblateness mode. 
(a) Tlssoo. (b) T2~5oo. 
Figure 4. Elliptic mode. 
Figure 5. Dumbell mode at T15000. 
Small perturbations of the initial velocities prescribed thus far yield entirely similar results, 
thus supporting the short term physical stability of the modes. However, an increase in the 
speed of each drop, so that 1171 >- 12, leads to either an explosive interaction or to a noneohesive 
collision accompanied by a transfer of molecules from one drop to the other. 
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(a) To. 
(b) Tsooo. 
(c) T12ooo. 
(a) Tleooo. 
(e) T2~ooo. 
Figure 6. Nonlocal interaction. 
4. NONLOCAL INTERACTION 
We now consider drop separations greater than the 3 ~ separation of Section 3. For this 
purpose, the single drop generated in Section 2 is again duplicated by mirror imping,  but the 
mass centers are set at (-28.0 ~, 0, 0) and (28.0 ~, 0, 0). Initially, the molecules in either drop have 
relatively small effects on the molecules in the other drop. For this reason, we now proceed by 
assuming that both the positions and the velocities of the molecules of the two drops are entirely 
symmetrical about the origin. In this fashion, the computer time is decreased significsatly by 
having to calculate new positions wnd velocities for only one drop. 
In all cues to be considered, the vector b ~ defined in Section 3 is chosen to be 0". Initislly, as 
in Section 3, the numerical time step is AT -- 0.0002. 
The nucleation process of the two drops is shown, at the indicated time steps, in Figure 6. 
Figure 6(a) shows the initial configuration. Figures 6(}>) and 6(c) show the development of 
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F igure  6. Nonloca l in teract |on .  
arms which move towards each other more rapidly than the greater bulk of either drop• To 
accommodate for the rapidly moving arms, the time step was decreased to AT = 0.0001 after 
Tls00o. At T16000, shown in Figure 6(d), the initial reaction of the coll/ding molecules is seen 
to be highly repulsive, which presages violent collisions. Indeed, the speeds vi of the interacting 
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F igure  6 .  Non loca l  in teract ion .  
molecules at T12ooo exceeds vi > 12, which is consistent with the relevant observation i Section 3. 
Figures 6(e)-6(h) reveal that the collision is explosive, and the result is a single drop whose radius 
is, approximately, 8.7 A. This resulting drop is thus smaller than the single drop shown in Figure 1. 
In all cases where the two drops were set even farther apart, the final results were qualitatively 
the same. For example, a placement at (-90 ~, 0, 0), (90 ~, 0, 0) resulted in initial slow motion 
towards each other, in which the drops remained relatively spherical, the later development of
drop oblateness and, still later, of arms. The final violent clash resulted in a single drop of 
relatively small mass. Budgetary constraints did not allow the accumulation of enough data to 
determine a qualitative relationship between the final mass and the initial distance of separation. 
For the calculations using AT -- 0.0001, we found no significant motion between drops whose 
initial settings were (-1000 J~, 0, 0), (1000 J~, 0, 0). 
5. REMARKS 
A variety of questions raised by the computations described in Section 3 and 4 are now being 
explored. Some of these are as follows• Are the results the same for larger drops, or for two drops 
of different radii? How are the results influenced by the presence of an atmosphere? How are the 
results influenced by a change in temperature? 
Finally, it should be noted that the methodology we have developed has a unique advantage over 
the employment ofthe Navier-Stokes quations. Drop interaction depends strongly on the surface 
tension of the drops. Surface teaaion in these simulations yields large gradients. Unfortunately, 
the Navier-Stokes equations do not inherently imply surface tension and require additional, arti- 
ficial conditions for its inclusion in dynamical simulations. Surface tension, however, is a direct 
consequence of molecular modelling. 
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